Abstract EAST (experimental advanced superconducting tokamak) fast control power supply is a high-capacity single-phase AC/DC/AC inverter power supply, which traces the displacement signal of plasma, and excites coils in a vacuum vessel to produce a magnetic field that realizes plasma stabilization. To meet the requirements of a large current and fast response, the multiple structure of the carrier phase-shift three-level inverter is presented, which realizes parallelled multi-inverters, raises the equivalent switching frequency of the inverters and improves the performance of output waves. In this work the design scheme is analyzed, and the output harmonic characteristic of parallel inverters is studied. The simulation and experimental results confirm that the scheme and control strategy is valid. The power supply system can supply a large current, and has a perfect performance on harmonic features as well as the ability of a fast response.
Study of the EAST Fast Control Power Supply Based on Carrier
Phase-Shift PWM * LIU 
Introduction
The EAST is a kind of fusion experimental facility. The fast control power supply (FCPS) of EAST is a large capacity single-phase AC/DC/AC inverter power supply, which traces the displacement signal of plasma and generates a magnetic field, by means of providing thousands of amperes of current to the four coils in a vacuum chamber, to realize plasma stabilization in large elongated model [1∼3] .
Since the FCPS is demanded to supply thousands of amperes of current with a quick response, it is difficult for one single inverter to take the whole job; what is more, a large power device cannot switch very fast, and the pulse width modulation (PWM) control of low switching frequency results in plentiful low frequency harmonics in the output wave. Thus in the FCPS of EAST, the technique of multiple inverters in parallel and the carrier phase-shift PWM are adopted. The carrier phase-shift PWM means the adoption of a common modulation wave in a combined PWM system [4, 5] , and if there are N paralleled inverters in the system, the stagger phase angle of the triangular carrier in each inverter will be 2π/N . The stacking of the PWM wave produces a phase-shift PWM wave, which can raise the equivalent switching frequency, reduce the power supply harmonics and improve the current control performance.
Structures of the FCPS
The EAST FCPS is a large capacity single phase multi-level parallel inverter. The output voltage is ±800 V, the maximal output current is ±5 kA and the current response time is less than 5 ms. The FCPS consists of a phase-shift transformer, rectifiers, filter and clamping circuits, inverters, current-sharing and protection circuits, as shown in Fig. 1 . The transformer converts the input grid high voltage of 10 kV to the output voltage of 700 V. There are 12 groups of secondary winding with a ±5
• , ±15
• , ±25
• phase shift to the primary winding, and the application of phase shift can effectively improve the quality of the grid current. Each group of two identical secondary windings supplies DC power for 4 inverters. All 24 inverters are connected in parallel, and divided into two groups in control with the switching frequency of 7.5 kHz for each inverter. The clamping circuit, which is composed of a resistor and an IGBT switch, is used to suppress the DC link high voltage in case of inversion mode operation of inverter. The protection circuit like a crowbar is implemented in FCPS to depress the voltage induced by plasma disruption by letting the load current pass the thyristors.
3 Carrier phase-shift PWM for the inverter
The three-level neutral-point-clamped (NPC) [6] inverter is used as an inverter unit of the FCPS, as shown in Fig. 2 . Four high-power IGBTs are connected in series to form a bridge arm; two diodes are respectively connected to the upper and lower bridge arms in the middle. In order to maintain the balance of neutral point voltage, two three-phase rectifiers are used to supply power to one inverter. This structure can improve voltage stress on each power device, and reduce output voltage harmonics and switching losses [7, 8] . In the inverter unit, carrier phase disposition PWM is adopted. A single chip computer in the system controller emits six triangle waves with a 30
• phase shift, and each unit controller detects a triangle wave and produces two carriers by the positive-negative offset circuit. If the modulation wave is a sine wave, the modulation method of the inverter unit is shown in Fig. 2 .
Analysis of the output waveform of a single inverter
The PWM switching waveform can be expressed in general harmonic form as a double Fourier series as follows
(A 0n cos ny + B 0n sin ny)
(A m0 cos mx + B m0 sin my)
{A mn cos(mx + ny) + B mn sin(mx + ny)},
(1) in which the switching waveform is represented as a two dimensional function of the carrier and the reference waveforms [9] , as developed by BLACK [10] and adapted by BOWES [11] for power electronic converter systems. The harmonic coefficients of Eq. (1) are obtained by evaluating the double integration, as expressed below, for a particular PWM strategy.
where: x = ω c t, y = ω r t, f (x, y)=switched waveform for one fundamental cycle. We extend this method to find the analytical expression of the output voltage of the inverter. The PWM switching waveform of the inverter unit is acquired as shown in Fig. 2(b) . To evaluate the integration in Eq. (2), we take the zero line as a reference line to divide the carrier wave into the upper and the lower part as u C1 and u C2 , they are respectively generated by the PWM waveform u A and u A with reference wave u r . The function u A is the sum of the two PWM switching waveforms.
At the intersection point turning point a, b, c, d, where u r = u c , we can get the PWM waveform u A and u A as functions of time
where: E = the DC link voltage. Substituting Eqs. (3) and (4) into Eq. (2), according to the Fourier principle of linear superposition, we can get the analytic expression of PWM switching waveform u A of the inverter unit:
cos(mω c t)
in which: J 0 (·), J n (·) is the zero-order and the n th -order Bessel function, respectively.
Analysis of the output waveform of parallel inverters
The carrier phase shift PWM modulation is adopted in the parallel inverter, and the instantaneous output voltages among inverters are different to one another, thus there is a current-sharing reactor L x placed at the AC output of each inverter for a current balance among inverters [12] . The output voltage of N parallel inverters can be expressed as:
With u 0i being the output of the i th inverter, the i th carrier phase shift is ϕ i = 2π(i − 1)/N , i=1, 2, . . . , N ; thus:
With Eq. (7) substituted into Eq. (6), the output voltage of the N parallel inverters can be obtained as:
(8) As can be seen, the output voltage harmonics of parallel inverters with carrier phase-shift PWM modulation have the following characteristics: a. the component at the fundamental frequency is not affected, which is the same as in a single inverter; b. all other harmonic amplitudes are divided by N , and N also appears in the argument of the Bessel's functions; c. all the harmonics are shifted to high frequencies, and the lowest order harmonic group appears at N times the carrier frequency. Fig. 3 shows the resultant for the case of four parallel inverters, the output voltage waveform will have nine voltage levels per cycle of the fundamental waveform. For N inverters connected in parallel, the resultant load voltage waveform becomes more sinusoidallike with an effectively higher carrier frequency ((N f c ) , the number of levels equals 2N +1. This means that the high nominal frequency can be achieved through phase shift PWM even though the low switching frequency in each inverter unit is adopted, which helps to eliminate the contradiction between power and frequency requirements on switching devices. 
Control system
The control system is fundamental for the FCPS performance to meet the requirements of the speed of response. A double closed loop feedback control is adopted in the power supply, in which both the load current and output current of each inverter are under control. The total load current is detected by a current sensor and compared with the command signal from the plasma control system (PCS) to produce the error signal, after the regulator it becomes the reference signal for the inner loop. In the inner control loop, the output current of each inverter unit is compared with the reference signal to produce the error signal, after the inner loop regulation, which is sent to the PWM generator to drive the IGBT on and off, and the FCPS is thus regulated as a current source.
Proportional and integral regulators are commonly used in power supply systems to improve the system steady state accuracy, while the command signal in FCPS is quick-changing and random, in spite of the elimination of system static error. The integral regulator is not adopted, since it will slow down the response speed and will often make the response of the system excessively overshoot and extend the regulating time, especially in the case of a large deviation stage. And thus only proportional regulator is adopted in the FCPS control system. In the block diagram of the control system, as shown in Fig. 4(a) , K 1 is the gain of regulator in the inner loop, K 3 is the gain of the outer-loop controller; while K 2 is the inverter gain, the impedance of dissipated resistance, the current-sharing reactor is expressed as: Z(s) = R x + L x s, F 1 and F 2 are the inner loop and outer loop current feedback index, and there are, in total, 24 inverters in parallel. In order to adjust the gain of the system to be 500, a proportional amplifier K is adopted outside the closed-loop. Ignoring the resistance in the system, the transfer function can be expressed as:
where:
The Bode diagram of the power supply system is shown in Fig. 4(b) . The whole system is equivalent to a first order inertia link, which reflects the system gain and output delay in the frequency domain. The bandwidth is about 5 kHz and the cutoff frequency is 27.2 kHz, when the input signal is 100 Hz sine wave, the output has about a 1.87 o phase lag. 
Simulations and experimentation
With the help of Simulink in MATLAB, we use a sine wave of f r =100 Hz, and a triangle carrier of f c =7.5 kHz for simulation. The output voltage waveform of a single inverter and its corresponding spectrum are shown in Fig. 5 , and for 12 inverters connected in parallel, the output voltage waveform and its corresponding spectrum are shown in Fig. 6 .
It is apparent that for a single inverter there exists the lowest harmonics group around the carrier frequency of 7.5 kHz, when the modulation index reaches 1, the total THD=51.57%. As for 12 inverters parallel with carrier phase shift PWM modulation, there exists the lowest harmonics group at a frequency of 90 kHz, which means that the equivalent frequency of the parallel inverters increases 12 times and the harmonics fewer than 90 kHz are eliminated, the THD is about 5.11%, and the voltage waveform becomes more like a sine wave with 25 levels. Fig. 7 is the experimental waveform acquired from the fast control power supply in EAST. 24 inverter units are divided into 2 groups, then after phase shift, they are connected in parallel, and the lowest harmonics group is located at 90 kHz. Fig. 8 shows a comparison between the command signal and the output voltage and current waveforms, the output voltage is detected by a high voltage differential probe and the output current is detected by a Rakowski coil. When the input signal is a 100 Hz sine wave with an amplitude of 5 V, as shown in channel 3, the output current is 2500 A as shown in channel 2 with a 1.823
• phase lag, and the output delay time is about 50 µs. The corresponding output voltage waveform is shown in channel 4. The experimental results show that the FCPS has the ability of tracing a quick-changing current. To detect the current-sharing coefficient, the current RMS of each inverter unit is detected when the input signal is a sine wave with 100 Hz in frequency and 3.5 V in peak values, as shown in Table 1 . The total current is up to 1830.3 A, and the current-sharing coefficient is: k = Σi/ni max = 0.97. The local computer for data aquisition detects the status of power supply in real time. Fig. 9 is the current wave of 12 inverter units, which shows that the effect of current-sharing is satisfactory. 
Conclusions
Using carrier phase shift PWM techniques, the inverter in the FCPS has achieved the goal of supplying large current with a fast response. The FCPS, which consists of 24 units connected in parallel at the output and is furnished with an appropriate control, has a relatively large bandwidth by eliminating lower harmonics and has a good current-tracing ability. The main parameters, including output current capacity and response time, meet the requirements of the FPCS in EAST.
